The CDPK-SnRK superfamily consists of seven types of serine-threonine protein kinases: calcium-dependent protein kinase (CDPKs), CDPK-related kinases (CRKs), phosphoenolpyruvate carboxylase kinases (PPCKs), PEP carboxylase kinase-related kinases (PEPRKs), calmodulin-dependent protein kinases (CaMKs), calcium and calmodulin-dependent protein kinases (CCaMKs), and SnRKs. Within this superfamily, individual isoforms and subfamilies contain distinct regulatory domains, subcellular targeting information, and substrate specificities. Our analysis of the Arabidopsis genome identified 34 CDPKs, eight CRKs, two PPCKs, two PEPRKs, and 38 SnRKs. No definitive examples were found for a CCaMK similar to those previously identified in lily (Lilium longiflorum) and tobacco (Nicotiana tabacum) or for a CaMK similar to those in animals or yeast. CDPKs are present in plants and a specific subgroup of protists, but CRKs, PPCKs, PEPRKs, and two of the SnRK subgroups have been found only in plants. CDPKs and at least one SnRK have been implicated in decoding calcium signals in Arabidopsis. Analysis of intron placements supports the hypothesis that CDPKs, CRKs, PPCKs and PEPRKs have a common evolutionary origin; however there are no conserved intron positions between these kinases and the SnRK subgroup. CDPKs and SnRKs are found on all five Arabidopsis chromosomes. The presence of closely related kinases in regions of the genome known to have arisen by genome duplication indicates that these kinases probably arose by divergence from common ancestors. The PlantsP database provides a resource of continuously updated information on protein kinases from Arabidopsis and other plants.
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In eukaryotes, protein kinases are involved in regulating key aspects of cellular function, including cell division, metabolism, and responses to external signals. The completed sequence of the Arabidopsis genome provides the first opportunity to identify all of the protein kinases present in a model plant. The Arabidopsis genome encodes 1,085 typical protein kinases (M. Gribskov, unpublished data) , which is about 4% of the predicted 25,500 genes (Arabidopsis Genome Initiative, 2000) . Not only is the proportion of Arabidopsis kinase genes about twice that found in Brewer's yeast (Saccharomyces cerevisiae; Hunter and Plowman, 1997) or Caenorhabditis elegans (Plowman et al., 1999) , but there are also major differences in the types of kinases found in plants. For example, receptor kinases in plants phosphorylate Ser and Thr residues, whereas in animals, the predominant type of receptor kinase phosphorylates Tyr residues. In addition, the two major types of kinases that decode calcium signals in animals (calmodulin-dependent protein kinases [CaMKs] and protein kinase C) appear to be missing or under-represented in plants.
Conversely, plants contain a number of kinase families that either are not found in animals or yeast or are highly divergent. For example, the calciumdependent protein kinases (CDPKs) are found in vascular and nonvascular plants, in green algae, and also in certain protozoa (ciliates and apicomplexans; Hrabak, 2000) . These kinases are calcium-regulated and are distinguished by a structural arrangement in which a calmodulin-like regulatory domain is located at the C-terminal end of the enzyme. The CDPKrelated kinases (CRKs) and phosphoenolpyruvate carboxylase kinase-related kinases (PEPRKs) are also unique to plants. In addition, plants contain a large group of kinases related to the classical SNF1-type kinases from yeast, although the majority of these enzymes in Arabidopsis have a different primary structure compared with their yeast homologs. Halford and Hardie (1998) proposed the name SNF1-related kinase (SnRK) for this group and recognized three subgroups: SnRK1, SnRK2, and SnRK3.
In this report, we identify all of the kinases predicted to belong to the CDPK-SnRK superfamily based on the completed Arabidopsis genome sequence (Arabidopsis Genome Initiative, 2000) and examine their evolutionary origins. We also present suggested nomenclature for all of the kinases in this superfamily. Further details about individual kinases, including corrected sequence annotations, links to sequence alignments, and functional annotations, can be found at the PlantsP Web site (http://plantsp.sdsc.edu/). Figure 1 depicts the structural features of kinases in the CDPK-SnRK superfamily. Previous phylogenetic analyses have demonstrated that the kinases in this superfamily form a separate branch in relation to other plant protein kinases (Hardie, 1999 (Hardie, , 2000 . The common structures are discussed briefly here, and each subgroup is described in more detail in the following sections. All of these protein kinases contain a catalytic domain typical of eukaryotic Ser-Thr kinases, which was used for the initial classification of these proteins into the CDPK-SnRK superfamily (Hanks and Hunter, 1995) . The proteins were assigned to particular subgroups based on the sequence and presumed function of their flanking domains. The N-terminal domains are highly variable in both length and sequence between the subgroups and even between individual protein kinases. Little is known about the function of the N-terminal domains except for the presence of putative myristoylation and palmitoylation sites in many of the CDPKs, which may contribute to membrane localization of these kinases (Hrabak, 2000) .
RESULTS AND DISCUSSION
Many CDPK-SnRK superfamily members have an autoregulatory region immediately C-terminal to the kinase domain (Fig. 1) . In CDPKs, this region contains an autoinhibitor domain, which functions as a pseudosubstrate site and is involved in the intramolecular activation of the kinase (Harmon et al., 1994; Harper et al., 1994; Huang et al., 1996) . In animal CaMKs (for reviews, see Hook and Means, 2001; Soderling and Stull, 2001 ) and calcium and calmodulin-dependent protein kinase (CCaMKs; Ramachandiran et al., 1997) , this region binds a calcium-calmodulin complex required for activating Figure 1 . Diagrammatic representation of the domain structures of protein kinases in the CDPK-SnRK superfamily. The domains are described in more detail in the text. Broken lines at N or C termini indicate regions of variable length and function. Calcium-binding EF hands are indicated as black boxes, whereas corresponding regions in related protein kinases that lack consensus EF hand sequences are depicted in gray. The C in the autoinhibitor domain of CaMK and CCaMK indicates that the autoinhibitor domain of this kinase overlaps with a calmodulin-binding domain. The SnRK1 C-terminal domain regulatory domain is indicated by dashed lines. D/E is the acidic patch found in the SnRK2 group while the autoinhibitor (NAF/FISL) domain of the SnRK3 group is hatched. the enzyme. In SnRK3s, the autoinhibitor domain (Guo et al., 2001 ) binds one of a family of calciumbinding proteins that includes SOS3, SOS3-like calcium binding protein (SCaBP), or calcineurin-B-like (CBL) calcium sensors Guo et al., 2001) , resulting in activation of the kinases (Guo et al., 2001; Gong et al., 2002b) . It is interesting to note that the CDPKs (Yoo and Harmon, 1996; Huang and Huber, 2001) , CCaMKs (Ramachandiran et al., 1997), CaMKs (Hook and Means, 2001; Soderling and Stull, 2001) , and SnRK3s (Shi et al., 1999; Kim et al., 2000; Albrecht et al., 2001; Guo et al., 2001 ) are regulated by the interaction of their autoinhibitor domains with a calcium-binding domain or protein. No specific autoinhibitor domain has been identified for kinases in the CRK, PEP carboxylase kinase (PPCK), PEPRK, SnRK1, and SnRK2 groups.
Most members of the CDPK-SnRK superfamily have a C terminus that functions to regulate kinase activity or to mediate interactions with other proteins. The C-terminal domain of CDPKs and CCaMKs contains calcium-binding EF-hands resembling those found in either calmodulin (CDPKs; Harper et al., 1991) or visinin (CCaMKs; Patil et al., 1995) . Calcium binding to the EF hands increases kinase activity. CRKs contain a C-terminal domain with some sequence similarity to the CaM-like domains of CDPKs but with poorly conserved EF-hands that do not bind calcium (Furumoto et al., 1996) . The C-terminal domains of SnRKs are highly variable but in many cases are thought to function in proteinprotein interactions. Figure 2 shows the unrooted sequence tree for the Arabidopsis CDPK-SnRK superfamily, based on comparisons of catalytic domains only. To show the relationship to other kinase groups, representative plant, animal, or fungal protein kinases from the CaMKI, CCaMK, and PPCK groups are included, and bovine cAMP-dependent protein kinase is used as an outgroup. SNF1 kinases from Brewer's yeast and fruitfly appear in the SnRK1 group of Arabidopsis kinases. There are no animal or fungal representatives of the SnRK2, SnRK3, CDPK, CRK, PPCK, or PEPRK groups. CDPK orthologs identified from vascular and nonvascular plants and green algae have been shown previously to be interspersed throughout the CDPK subgroup (Harmon et al., 2001 ). This distribution indicates that the diversity of CDPK sequences observed for Arabidopsis is typical for CDPK sequences in general. The apicomplexan CDPKs are distantly related to CDPKs from plants, and two apicomplexan sequences are included in Figure 2 for comparison. Tables I, II , III, and IV list all of the Arabidopsis CDPKs, CRKs, PPCKs, PEPRKs, and SnRKs that we have identified to be members of the CDPK-SnRK superfamily. For the CDPKs and CRKs (Tables I and  II) , one nomenclature has predominated in the literature, and this is listed as the gene name. In cases where gene names were not previously assigned or where the genes have been referred to by a variety of names (Tables III and IV) , we have proposed a gene name that can be used in the future for identification. For example, in the case of the SnRK3s, different labs have developed nomenclatures independently. Some names are based on functional characteristics of the proteins, whereas others are generic. We propose a new nomenclature for the SnRK group in Table IV . Although it may not be reasonable to expect researchers to change the nomenclature that they are currently using, Table IV is useful for deciphering which names are synonymous. The tables list additional important characteristics of these protein kinases that are discussed below.
CDPK
CDPKs from Arabidopsis, as well as other species, have been discussed in detail in recent reviews (Harmon et al., 2000; Hrabak, 2000; Cheng et al., 2002) . Arabidopsis contains 34 genes predicted to encode CDPKs. CDPK genes and proteins are indicated by the three-letter abbreviation CPK followed by a number, according to the nomenclature of Hrabak et al. (1996) . CDPKs contain a kinase catalytic domain and an autoinhibitory "junction" domain, followed by a calmodulin-like, calcium-binding regulatory domain (Fig. 1) . For this reason, CDPK has occasionally been defined as calmodulin-like domain protein kinase. All CDPKs that have been characterized in detail are activated by calcium and thereby provide a mechanism to decode calcium signals (Harper et al., 1993; Urao et al., 1994; Abo-El-Saad and Wu, 1995; Hong et al., 1996; Hrabak et al., 1996; Saijo et al., 1997; Lee et al., 1998; Chico et al., 2002) . Only three of the Arabidopsis CPK genes have not been shown to be expressed based on the existence of cDNA or expressed sequence tag clones. These could be nonexpressed pseudogenes, or their transcripts may have escaped detection because they are expressed only in response to specific stimuli or at specific times in development or in a limited number of cell types. The predicted CDPK proteins have molecular masses between 54.3 and 72.2 kD. All CDPK proteins have kinase, junction, and calmodulin-like domains of comparable size except CPK25, indicating that most of the variation in molecular mass is due to differences in the variable domains. All Arabidopsis CDPKs (except CPK25) have four EF hands as predicted by SMART (Schultz et al., 2000) , a program for identification of protein domains (data not shown). CPK25 has a truncated C terminus that contains at most one EF hand. The majority of CDPKs have predicted myristoylation sites at their N termini (Table I), and these CDPKs also have a nearby Cys residue that could serve as a site for palmitoylation (E. Hrabak, unpublished data). Several Arabidopsis CDPKs have been shown to be myristoylated in vitro (Lu and Hrabak, 2002, S. Lu and E. Hrabak, unpublished data) including CPK5 (Table I) , whose amino terminus does not fit the canonical myristoylation consensus sequence. On the basis of the myristoylation of CPK5, we predict that CPK6 and CPK13 are myristoylated also. Myristoylation appears to be an important mechanism for the membrane binding of CDPKs in Arabidopsis and other plant species (Martin and Busconi, 2000; Lu and Hrabak, 2002; Rutschmann et al., 2002) .
The available information on the regulation of expression of Arabidopsis CDPK genes is limited but indicates that some genes are ubiquitously expressed (Hong et al., 1996) , whereas others are induced by hormones or stress (Urao et al., 1994; Sheen, 1996) . Expression of CDPKs from other plants is affected by a variety of stimuli including wounding (Chico et al., 2002) , salt or drought stress (Botella et al., 1996; Patharkar and Cushman, 2000; Saijo et al., 2000) , cold (Monroy and Dhindsa, 1995; Saijo et al., 2000) , hormone treatment (Abo-El-Saad and Wu, 1995; Botella et al., 1996; Davletova et al., 2001) , light (Frattini et al., 1999) , cold (Martin and Busconi, 2001; Llop-Tous et al., 2002) , and pathogens (Murillo et al., 2001; Romeis et al., 2001 ). Specific expression patterns have been described for CDPKs in many plant species including maize (Zea mays) pollen (Estruch et al., 1994) , rice vascular tissue (Saijo et al., 2001 ) and seeds (Kawasaki et al., 1993; Frattini et al., 1999) , and potato (Solanum tuberosum) stolons (Raices et al., 2001 ). Many of these CDPKs have orthologs in Arabidopsis, and it is presumed that expression of Arabidopsis CDPK genes is regulated by different stimuli and/or in specific cell types also.
The significance of the four major CDPK subgroups depicted in Figure 2 with regard to biochemical or physiological function is not known. Intriguing similarities between some CDPKs have been noted. For example, both CPK1 from Arabidopsis and a carrot (Daucus carota) CDPK are activated by phospholipids (Harper et al., 1993; Farmer and Choi, 1999 ), yet these two kinases are not in the same subgroup. The calcium-binding properties and the concentration of calcium required for activation was studied in depth for three soybean (Glycine max) CDPKs (Lee et al., 1998) . Two of these CDPKs are very closely related and are found in the same subgroup, yet there is no consistent correlation between their kinetic properties when compared with the third soybean CDPK. More experiments are needed on all facets of CDPK function, including requirements for enzyme activation, substrate specificity, in planta expression, and subcellular localization.
CRK
Arabidopsis contains eight CRK genes. The CRK nomenclature was proposed by Lindzen and Choi (1995) . These kinases have so far only been identified in angiosperms. In the sequence tree (Fig. 2) , they are located on a branch that is most closely related to a c Myristoylation motifs were predicted by PROSITE, from published myristoylation consensus sequences (Towler et al., 1988; Boutin, 1997; Hofmann et al., 1999; Falquet et al., 2002) , and from unpublished data.
d Additional information is available at http://plantsP.sdsc.edu/. e Annotation errors exist in some databases. See PlantsP http:// plantsp.sdsd.edu for corrected amino acid sequences.
subgroup containing three CDPKs, indicating that there is a high degree of similarity between their catalytic domains. This arrangement, and the presence of apparently degenerate EF-hands in the CRKs, also suggests that the CRKs may have arisen relatively recently in evolution from a distinct subgroup of CDPKs. In support of this hypothesis, it appears that all of the CDPKs and CRKs on this branch have a pattern of intron placement that is distinct from the rest of the CDPKs ( Fig. 3A ; Harmon et al., 2001; Zhang and Choi, 2001) .
The CRKs range in molecular mass from 64.3 to 68 kD (Table II) and have variable domains of similar length. All but one of the CRK genes are known to be expressed. As with CDPKs, the N termini of most CRKs are predicted to be myristoylated and palmitoylated, although no CRKs have been demonstrated to be acylated. The C-terminal domains of CRKs contain apparently degenerate calcium-binding sites that are predicted to be nonfunctional. Biochemical studies with recombinant CRKs from carrot (Farmer and Choi, 1999) and maize (Furumoto et al., 1996) have shown that these representative enzymes do not bind, and are not activated by, calcium. In addition, it does not appear that CRKs contain functional autoinhibitory domains, because a maize CRK was equally active in the presence of calcium or EGTA (Furumoto et al., 1996) . A rice CRK binds calmodulin in a calcium-dependent manner, although its enzymatic activity is independent of calcium and calmodulin (Zhang et al., 2002) . Thus, CRKs may be constitutively active. No data is available about CRK function in vivo or potential physiological substrates.
PPCK and PEPRK
Phosphoenolpyruvate carboxylase kinases (PPCKs) have been defined biochemically as calcium-independent protein kinases with molecular mass values of 30 to 32 kD and 37 to 39 kD that phosphorylate PEP carboxylase (Vidal and Chollet, 1997, and refs. therein) . The function of PPCKs is most clearly understood in crassulacean acid metabolism and C 4 plants (such as K. fedtschenkoi and maize, respectively) and these enzymes have been reviewed recently (Vidal and Chollet, 1997; Nimmo, 2000; Nimmo et al., 2001 ). Phosphorylation of PEPCase desensitizes the enzyme to feedback inhibition by malate and serves to activate the enzyme during times of active fixation of CO 2 into oxaloacetic acid. PPCK activity appears to be regulated at the level of transcription and is under the control of light in C 4 plants and a circadian rhythm in crassulacean acid metabolism plants (Jiao et al., 1991; Vidal and Chollet, 1997; Hartwell et al., 1999a Hartwell et al., , 1999b Nimmo, 2000) .
All PPCK genes cloned to date encode protein kinase catalytic domains with essentially no N-or C-terminal extensions (Fig. 1) . The enzymes seem to be constitutively active and are among the smallest ATP-dependent protein kinases yet described, with molecular masses in the range of 30 to 32 kD (Table  III) . Arabidopsis contains two such PPCK genes, and the function of the PPCK proteins has been confirmed in vitro (Hartwell et al., 1999a; Fontaine et al., 2002) . Both genes contain one intron close to the end of the catalytic domain (Fig. 3A) , as does the K. fedtschenkoi PPCK gene.
Arabidopsis contains two additional protein kinase genes whose catalytic domains are most related to those of the PPCKs. Only one of these genes is known to be expressed. The predicted proteins contain both N-and C-terminal extensions with no similarity to the non-catalytic domains of any of the other kinases in this superfamily (Fig. 1) . Because these extensions do not contain any apparent regulatory domains, these genes may encode constitutively active kinases, although their functions are still unknown. The molecular masses of these enzymes are 57.5 and 52.1 kD (Table III) , so it seems unlikely that they encode the 37-to 39-kD form of PPCKs described above. We suggest that these PPCK-related enzymes be termed PEPRKs until their functions have been established.
CaMK and CCaMK
Arabidopsis contains no representatives of the CaMKs. The distinguishing biochemical feature of CaMKs is that they are activated by the binding of calmodulin to an autoinhibitory domain located immediately C-terminal to the kinase domain (Fig. 1) . A large family of these enzymes is known in animals and yeast, but only one potential CaMK, from apple, has been identified in plants (Watillon et al., 1995) . Protein sequence comparisons reveal that the kinase from apple is actually most closely related to plant CCaMKs (Fig. 2) .
CCaMKs have been cloned from tobacco and lily (Patil et al., 1995; , but they are apparently absent from Arabidopsis. The arrangement of functional domains in these enzymes is similar to that of the CDPKs, but the structure of their calciumbinding regulatory domain is more similar to visinin than to calmodulin and contains only three EF hands (Harmon et al., 1987; Patil et al., 1995; Yuasa et al., 1995; Pandey and Sopory, 1998) . CCaMKs contain a calmodulin-binding site that overlaps with the autoregulatory domain (Ramachandiran et al., 1997) . Regulation of CCaMK by calcium and calmodulin is complex. Autophosphorylation occurs in response to the binding of calcium to the EF hands in the visininlike domain, which increases the affinity of the enzyme for binding the calcium/calmodulin complex and enhances substrate phosphorylation (Takezawa et al., 1996; Pandey and Sopory, 1998; Sathyanarayanan et al., 2000) .
SnRK
Arabidopsis contains 38 protein kinases that are related to SNF1 from yeast (Table IV) . The SnRKs form three subgroups based on sequence similarity and domain structure (Fig. 1) . The SnRK1 subgroup is the most closely related to SNF1 from yeast and to AMP-activated protein kinases (AMPK) from animals (Fig. 2) . Only three Arabidopsis sequences belong to the SnRK1 subgroup. On average, these are the largest proteins in the SnRK group with molecular mass values from 56.7 to 58.7 kD. Studies of the biochemistry and physiology of SnRK1s from crop plants have suggested that, like SNF1 and AMPK, they may regulate metabolism in response to nutritional or environmental stress (for review, see Halford and Hardie, 1998; Halford et al., 2000 Halford et al., , 2003  c Myristoylation motifs were predicted by PROSITE and from published myristoylation consensus sequences (Towler et al., 1988; Boutin, 1997; Hofmann et al., 1999; Falquet et al., 2002 c Myristoylation motifs were predicted by PROSITE and from published myristoylation consensus sequences (Towler et al., 1988; Boutin, 1997; Hofmann et al., 1999; Falquet et al., 2002) .
d Additional information is available at http://plantsp.sdsc.edu.
Hardie, 2000). Unlike AMPK, SnRK1s are not allosterically regulated by AMP; however, AMP indirectly regulates the activity of a spinach SnRK1 via a mechanism that involves regulation of the phosphorylation/dephosphorylation of a residue in the enzyme's activation loop (conserved subdomain VIII; Sugden et al., 1999a) . In vitro phosphorylation assays with purified enzymes and synthetic peptides have shown that SnRK1s have overlapping substrate specificity with CDPKs (Bachmann et al., 1996; Huber and Huber, 1996; Sugden et al., 1999b; Huang and Huber, 2001) , suggesting that some substrates such as enzymes involved in carbon metabolism may be independently regulated by separate phosphorylation pathways (Hardie, 2000) .
Interactions of SnRK1s with a variety of proteins have been identified. Not unexpectedly, SnRK1s interact with plant orthologs of proteins that regulate yeast SNF1, indicating that SnRK1s are likely to form heterotrimeric complexes like their yeast and animal counterparts and may be regulated by Glc in a manner similar to yeast SNF1 (Bhalerao et al., 1999; Bouly et al., 1999; Ferrando et al., 2001) . Other interactions of Arabidopsis SnRK1s with the 26S proteosome and several proteosomal subunits (Farras et al., 2001 ) and with a protein Tyr phosphatase (Fordham-Skelton et al., 2002) have been reported. As with its yeast and animal orthologs, these interactions are likely to occur with the C-terminal regulatory domain of SnRK1. These results indicate that SnRK1s probably have a larger role in plant metabolism than was known previously. For example, antisense expression of a barley (Hordeum vulgare) SnRK1 interfered with pollen development and caused male sterility .
The SnRK2 and SnRK3 groups appear to be unique to plants (Halford et al., 2000) . The SnRK2s are about 140 to 160 amino acids shorter than the SnRK1s, averaging about 40 kD in size, and have a characteristic patch of acidic amino acids in their C-terminal domains (Halford et al., 2000) . There are 10 SnRK2 genes in Arabidopsis. One of these, SnRK2.6, has been characterized recently (Mustilli et al., 2002; Yoshida et al., 2002) . SnRK2.6 is expressed in guard cells and in the vascular system, and SnRK2.6 mutants are affected in stomatal closure in response to abscisic acid (ABA). SnRK2.6 activity is stimulated by ABA but gene expression is not regulated by ABA (Mustilli et al., 2002; Yoshida et al., 2002) . Other SnRK2s include PKABA1 from wheat (Triticum aestivum; Anderberg and Walker-Simmons, 1992) and REK from rice (Hotta et al., 1998) . In contrast to SnRK2.6 of Arabidopsis, transcription of PKABA1 is induced by ABA and occurs in embryos and seedlings, sites of relatively high ABA concentrations. PKABA1 has been implicated as a component in the pathway by which ABA treatment antagonizes the effects of GA 3 via suppression of GA 3 -inducible genes (GomezCadenas et al., 1999 (GomezCadenas et al., , 2001 Shen et al., 2001 ). An ABAresponse element binding factor (TaABF) has been shown by two-hybrid screening to specifically bind to PKABA1. TaABF is seed specific, suggesting the Ta-ABF may serve as a physiological substrate for PKABA1 in ABA-signaling processes in wheat seeds (Johnson et al., 2002) . Expression of PKABA1 in Escherichia coli or Pichia pastoris yields inactive enzyme, however, the active form can be obtained by expression in insect cells (S.D. Verhey, L.D. Holappa, and M.K. Walker-Simmons, personal communication). This implies that PKABA1 requires posttranslational modification and/or regulatory subunits for activity and that these are available in insect cells but not in bacterial or yeast cells. In contrast, REK, a SnRK2 from rice, autophosphorylates when expressed in bacterial cells, and the addition of 10 mm calcium stimulates this activity (Hotta et al., 1998) . Although 10 mm calcium is much higher than physiological concentrations, this observation raises the question of whether the activity of some SnRK2s may be regulated by calcium.
Twenty-five of the Arabidopsis SnRKs fall into the SnRK3 group. This group is represented by kinases previously published as CBL-interacting protein kinase (CIPKs; Kudla et al., 1999; Shi et al., 1999; (SOS2; Zhu et al., 1998; Halfter et al., 2000; Liu et al., 2000) , SOS3-interacting proteins (SIPs) (Halfter et al., 2000) and protein kinase S (PKS) (Guo et al., 2001 ; Table IV ). These protein kinases interact with calciumbinding proteins such as SOS3, SCaBPs, and CBL proteins, which are related to animal neuronal calcium sensors and to the regulatory B subunit of the protein phosphatase calcineurin Kim et al., 2000; Albrecht et al., 2001; Guo et al., 2001) . These kinases are involved in responses to salt stress and in sugar and ABA signaling (Guo et al., 2001 (Guo et al., , 2002 Gong et al., 2002a; Gong et al., 2002c) .
The research groups of Kudla, Luan, and Zhu independently discovered the SnRK3 group of kinases, and these groups have developed different nomenclatures for these enzymes. In a search for calcineurin regulatory subunits from plants, Kudla et al. (1999) isolated a family of genes encoding CBL calciumbinding proteins. When AtCBL1, a stress-responsive member of the CBL family, was subsequently used as bait in a yeast two-hybrid analysis, Shi et al. (1999) identified CIPKs as target proteins for CBL1. Further work showed that different CBLs and CIPKs interact with some degree of isoform specificity Albrecht et al., 2001) . Independently, Zhu's group isolated mutant Arabidopsis plants having a "salt overly sensitive" phenotype in a genetic screen and later showed that two of the mutant lines carried mutations in either a calciumbinding protein named SOS3 or a protein kinase named SOS2 (Liu et al., 2000) . These results implicate SOS2 and SOS3 in salt resistance in Arabidopsis. SOS3 interacts with SOS2 and other related protein kinases called SIPs (Halfter et al., 2000) . SOS2 is the only SnRK3 subgroup member whose function has been identified by genetic analysis.
One feature that differentiates the SnRKs from the CDPK/CRK/PPCK/PEPRK group is that all of the SnRKs contain a Thr in their activation loops (conserved subdomain VIII). Most CDPKs and all CRKs have Asp or Glu at this position: Two CDPKs have basic amino acids, whereas PPCKs and PEPRKs have Gly. This is especially interesting because of the effect of this residue on enzyme activity (Guo et al., 2001; Gong et al., 2002b) . Replacement of the Thr residue in the activation loop of SOS2 with an Asp residue confers significantly higher activity on the enzyme, which does not require either SOS3 or calcium (Guo et al., 2001; Gong et al., 2002b) . Similar activation after replacement of this Thr residue has been reported for other SnRK3s (Gong et al., 2002a; Gong et al., 2002c) . A potential requirement of this Thr residue as a site for phosphorylation by another ki- CDPK-SnRK Superfamily of Protein Kinases nase could explain the lack of activity of some SnRK3s when expressed in bacteria.
The activity of SnRK3s expressed in bacteria is stimulated by the addition of SOS3 or a SOS3-like calcium-binding protein in the presence of calcium. These calcium-binding proteins interact with SnRK3s via a 21-to 24-residue region called the NAF or FISL domain (Shi et al., 1999; Albrecht et al., 2001; Guo et al., 2001 ), which also serves as an autoinhibitory domain for kinase activity (Guo et al., 2001; Gong et al., 2002b) . These observations indicate that the regulation of SnRK3s in vivo is complex and is only beginning to be understood.
Unlike CDPKs and CRKs, almost none of the SnRK1, SnRK2, or SnRK3 kinases contain a putative N-terminal myristoylation sequence and thus are unlikely to be membrane associated due to this hydrophobic modification. Interestingly, SnRK3.11 (also known as SOS2) regulates the activity of SOS1, a plasma membrane Na ϩ /H ϩ exchanger (Qiu et al., 2002) , even though SOS2 is not by itself a membraneassociated protein. SOS2 may be membrane localized through its interaction with SOS3 (Halfter et al., 2000) .
Evolutionary Origins
A phylogenetic analysis of kinase domains representative of all Ser/Thr kinases from Arabidopsis indicated that the CDPK and SnRK subfamilies cluster next to each other on a branch distinct from other kinases (Hardie, 2000) and we have termed this group of kinases the CDPK-SnRK superfamily. The evolutionary relationships of the CDPK, CRK, PPCK, and PEPRK groups have been analyzed recently (Harmon et al., 2001; Zhang and Choi, 2001; Cheng et al., 2002) . CDPKs and CRKs have four highly conserved intron placements: two phase 1 introns in the catalytic domain, a phase 0 intron at the border of the junction and calmodulin-like domains, and another phase 0 intron in the calmodulin-like domain (Fig. 3A) . One of the phase 1 introns is also conserved in both PPCK and PEPRK genes, whereas the other phase 1 intron is only found in PEPRKs. The sequence tree (Fig. 2) supports the hypothesis that CDPKs, CRKs, PPCKs, and PEPRKs have a common evolutionary origin. However, a number of questions about these genes still remain. For example, we do not know whether there were independent gene fusion events that gave rise to the plant and protistan CDPKs or whether the visinin-like regulatory domain of CCaMKs arose from the divergence of a calmodulin-like domain of a CDPK or from a separate gene fusion event.
Although the kinase domain of the SnRK subfamily is most closely related to the CDPK subfamily, based on our analyses, there are no conserved intron positions between these two groups of kinases. Within the SnRK subfamily, few intron positions are conserved between all SnRK groups. The SnRK3 group is particularly diverse with two major branches. One branch contains genes with zero or one intron, whereas the genes in the other branch have nine or more introns ( Fig. 2; Table IV ). On the former branch, a single SnRK3 gene contains one intron, whereas the remainder have none. This single intron is a phase two intron in kinase subdomain X and is not similar to any other SnRK intron position (data not shown). The SnRK3 branch with nine or more introns is composed of two smaller groups with related but distinct intron structures (Fig. 3B ). The differences in intron structure between the two major SnRK3 branches raises the possibility that the genes on the branch with zero or one intron arose after reverse transcription of a mRNA from the group with nine or more introns, followed by reinsertion into the genome and subsequent divergence. SnRK1s share one intron position with the branch of SnRK3s that contains many introns, whereas SnRK2s share two intron positions with these SnRK3s (Fig. 3B ). SnRK1.1 and SnRK1.2 are apparently the only members of the CDPK-SnRK superfamily to have an intron in their 5Ј-untranslated region which may play a role in regulation of gene expression (data not shown; J. Bouly and M. Thomas, unpublished data).
Chromosome Positions
CDPKs and SnRKs are found on all chromosomes (Figs. 4 and 5) . No CRKs are located on chromosome IV, whereas PPCKs and PEPRKs are only found on chromosomes I and III. One group of CDPKs (CPK31, CPK27, CPK22, CPK21, and CPK23) is arranged in a cluster of five adjacent genes on the top of chromosome IV. These five genes are transcribed in the same direction (data not shown) and are closely related on the sequence tree (Fig. 2) , indicating that they may have arisen by a relatively recent gene duplication. The extremely close linkage for some isoforms will make it difficult for researchers to obtain the double and triple knockout mutants that could be helpful in determining CDPK function.
In most cases, kinases that are closely related based on the sequence tree (Fig. 2) are not located near each other on the physical map of the Arabidopsis genome. However, there is evidence that the Arabidopsis genome has undergone extensive duplication and reorganization (Blanc et al., 2000) . Therefore, we compared whether closely related pairs of kinases are found in known duplicated regions of the genome. Six closely related pairs of CPK genes (CPK1/2, CPK9/33, CPK5/6, CPK16/18, CPK14/32, and CPK10/30) and two pairs of CRK genes (CRK2/8 and CRK1/7) were found in duplicated genomic regions. In addition, two pairs of SnRK2s (SnRK2.2/2.3 and SnRK2.4/2.10) and five pairs of SnRK3s (SnRK3.3/3.10, SnRK3.5 and 3.6/3.9, SnRK3.7/3.20, SnRK3.16/3.21, and SnRK3.24/3.25) occurred in duplicated regions. These results support the hypothesis that these kinases are paralogs that arose by divergence after genome duplication events.
PlantsP Database
Our alignments, corrected sequence annotations, and functional annotations of the Arabidopsis sequences are available at the PlantsP database (http:// plantsp.sdsc.edu). Our analysis revealed several annotation problems with the published genomic sequence. Such problems are not uncommon and are unavoidable with the current sequence analysis technology but can be confusing to researchers. To address this issue, the PlantsP database provides a communityenhanced resource to resolve annotation problems and to continuously update information on protein kinases from all plants. Input to the database from other researchers studying plant protein kinases and phosphatases is welcome through the User Registration link.
CONCLUSIONS
Our understanding of the members of the Arabidopsis CDPK-SnRK superfamily is similar to that of many other Arabidopsis gene families in that the genes and the proteins they encode have been identified, but studies to clarify their roles in plant growth and development are still under way. Multiple approaches are being used to investigate the functions of these proteins including site-directed mutagenesis or deletion of key residues or domains, reverse genetics (knockouts) to identify null mutations, protein interaction screens to identify potential substrates, biochemical analyses to characterize kinetic properties, and expression and localization studies to clarify where and when various family members are expressed. These experiments can be complicated by the existence of multiple, closely related genes that may have similar functions. For instance, knockouts in these kinase genes usually have not had an obvious phenotype, indicating either that the correct conditions to identify a phenotype were not tested or that the protein's function can be fulfilled by other related family members. In some cases, double, triple, or higher order mutants may have to be made to uncover a phenotype. Mutant combinations could be made at random, or specific mutants could be combined based on the hypothesis that kinases that are near each other on the sequence tree might have similar or redundant functions. Clearly there is much exciting research yet to come.
Presumably, the proliferation of divergent kinases has played an important role in the evolution of successful plant species. We expect that a comprehensive bioinformatics analysis of all kinases and phosphatases encoded in the Arabidopsis genome, starting here with the CDPK-SnRK superfamily, will provide an important foundation for understanding the role of phosphoregulation in plants.
MATERIALS AND METHODS

Construction of Trees
Sequences of CDPK family members from all species were retrieved from the GenBank database. The complete set of CDPK and CRK sequences were identified by repetitive BLAST analyses (Altschul et al., 1990) of the proteins predicted from the Arabidopsis genomic sequence and from GenBank. A set of known CDPK and SnRK proteins sequences were used as query sequences (the query panel). Candidate members of the CDPK-SnRK group were identified as those sequences most similar to the query sequences. Each of the identified sequences was used as a query in further searches. Candidate sequences were accepted as members of the CDPK-SnRK group when they were closer to the query panel than to any other group and when they identified the CDPK-SnRK group as their nearest relative in reciprocal searches. In cases where the GenBank sequences contained errors predicted from comparison with known CDPK-SnRK family members, manually corrected sequences were used. Most errors occurred due to incorrect intron splice site predictions. Sequences of Arabidopsis isoforms were also obtained from The Institute for Genomic Research (ftp://ftp.tigr.org/pub/ data/a_thaliana/ath1/PUBLICATION_RELEASE/) and from the Munich Information Center for Protein Sequences (ftp://ftp.mips.biochem.mpg.de/ pub/cress/). Sequence trees were constructed using the neighbor-joining method as implemented in the ClustalW program (Thompson et al., 1994) . Alignments were constructed by a combination of automatic and manual procedures. In brief, sequences were initially aligned with ClustalW after first omitting the most divergent sequences. Alignments were used to construct an evolutionary profile (Gribskov and Veretnik, 1996) . All sequences were then aligned to the profile to construct the multiple alignment. Finally, this alignment was manually edited to correct errors. Sequences were assigned to families and subfamilies based on the calculated tree and additional information such as intron/exon patterns.
Identification of Gene Duplications
Data on duplicated regions in the Arabidopsis genome were obtained from The Institute for Genomic Research (http://www.tigr.org/tdb/e2k1/ ath1/arabGenomeDups.html). Duplications were confirmed by direct examination of the gene order flanking the kinases.
